Polymeric nanoparticles meet the increasing interest for inhalation therapy and hold great promise to improve controlled drug delivery to the lung. The synthesis of tailored polymeric materials and the improvement of nanoparticle preparation techniques facilitate new perspectives for the treatment of severe pulmonary diseases. The physicochemical properties of such drug delivery systems can be investigated using conventional analytical procedures. However, the assessment of the controlled drug release properties of polymeric nanoparticles in the lung remains a considerable challenge. In this context, the isolated lung technique is a promising tool to evaluate the drug release characteristics of nanoparticles intended for pulmonary application. It allows measurements of lung-specific effects on the drug-release properties of pulmonary delivery systems. Ex vivo models are thought to overcome the common obstacles of in vitro tests and offer more reliable drug release and distribution data that are closer to the in vivo situation.
Introduction
Pulmonary drug delivery has become a well-established approach in the treatment of respiratory diseases and offers several advantages over other routes of administration. Inhalation therapy enables the direct application of a drug to the respiratory tract. The "local" or "regional" deposition of the administered drug facilitates a targeted treatment of respiratory diseases avoiding high-dose exposures to the systemic circulation. With the direct delivery of therapeutic agents to the desired site of action, rapid onset of drug action, lower systemic exposure, and consequently, reduced side effects can be achieved. Site-specific or targeted delivery, therefore, would also enable a reduction in the necessary dose to be administered [1] [2] [3] [4] . A significant disadvantage of inhalation therapy is the relatively short duration of drug action demanding multiple daily inhalation maneuvers, ranging up to 9 times a day [5] . Moreover, "conventional" inhalation therapy does not permit targeted cell-specific drug delivery or modified biological distribution of drugs, both at the organ and cellular level, and drug deposition in different lung areas is only poorly controllable [6] [7] [8] .
Strategies for further advancements of inhalation therapy include the development of aerosolizable controlled release formulations with the aim to improve the drug effect, as well as the patient's convenience and compliance. A large number of carrier systems have been conceived and investigated as potential controlled drug delivery formulations to the lung [9] [10] [11] . In the recent years, nanomedicine has become an attractive concept for the controlled and targeted delivery of therapeutic and diagnostic compounds to the desired site of action. Nanotechnology opens new perspectives in the design of novel drug delivery vehicles that not only facilitate targeting of an organ, tissues, cells, or subcellular compartments, but also affect the duration and the intensity of the pharmacological effect [12] [13] [14] [15] [16] . In particular, nanoparticulate drug delivery systems enable the controlled delivery of the pharmacological agent to its site of action at a therapeutically optimal rate and dose regimen [17] [18] [19] . Among the various drug delivery systems considered for pulmonary application, 2 Journal of Nanomaterials polymeric nanoparticles demonstrate several advantages for the treatment of respiratory diseases, for example prolonged drug release and cell-specific targeted drug delivery [20] [21] [22] [23] [24] .
Numerous manufacturing techniques are known for the production of drug-loaded polymeric nanoparticles. The choice of the nanoparticle preparation technique essentially depends on the physicochemical properties of the polymeric nanoparticle matrix material intended to be used and on the active compound to be encapsulated in the nanoparticles [25, 26] . Regarding the polymeric nanoparticle matrix material, criteria such as biocompatibility and degradability determine its selection [27] [28] [29] . Moreover, for an effective nanoparticulate drug delivery system, sufficient drug loading and controlled drug release over a predetermined period of time must be ensured. The characteristics of drug release, that is, release mechanism and release rate, from drugdelivery systems vary according to the type of employed encapsulation technique and the physicochemical properties (interaction) of drug and polymer. The release from polymeric nanoparticles in vitro is normally fast (several minutes to hours) due to the short distance drugs have to cover to diffuse out of the particles. The release rate of drugs from nanoparticles is also strongly influenced by the biological environment. Nanoparticles may interact with biological components like proteins and cells that alter the release rate of drugs from nanoparticles. As a consequence, the in vitro drug release characteristics may not predict the release situation in vivo. Moreover, a precise assessment of the in vitro drug release from nanoparticles is technically difficult to achieve, which is mainly attributed to the inability of rapid separation of the nanoparticles from the dissolved or released drug in the surrounding medium [17, 30, 31] .
Different methods have been used to characterize the behavior of pulmonary administered drug-loaded carriers in biological systems. These range from in vitro cell culture methods to in vivo pharmacokinetic analysis. Ex vivo isolated, perfused, and ventilated lung models have been utilized in numerous pharmacological and toxicological studies to elucidate the fate of inhaled drugs or toxic substances. In ex vivo lung models, lung-specific pharmacokinetic effects, like drug absorption and distribution profiles, can be investigated without the contribution of systemic absorption, distribution, and elimination of the drug. Moreover, it is possible to elucidate the effect of the interaction of nanoparticles with the natural pulmonary environment on the release of encapsulated drugs. Accordingly, more reliable drug release and distribution data are obtained that are closer to the in vivo situation [6, [32] [33] [34] .
It is interesting to note that the first investigations regarding the use of polymeric nanoparticles as drug carriers for the controlled and targeted delivery of drugs to the desired site of action have been reported in the mid 1970's [35] . It was shown that the "natural" drug distribution after systemic application was altered by the encapsulation of drug into polymeric nanoparticles. Since then, great efforts have been made in this field, and several treatment modalities for cancer on the basis of polymeric nanostructured drug delivery vehicles have been developed and made clinically available, for example, Abraxane, Transdrug, and Genexol- PM [25, 36, 37] . In contrast to systemic administration, the regional application of drug-loaded nanoparticles to the respiratory tract has been so far incompletely investigated. This is attributed on one hand to the limited efficiency of conventional devices to generate nanoparticle-containing aerosols and on the other hand to the lack of methods to assess the drug release form and the distribution behavior of pulmonary administered nanoparticulate drug-delivery systems [38, 39] . Meanwhile, technological advances have led to improved designs for aerosol-generation devices that solve the main drawbacks, and the key attributes associated with successful nanoparticle aerosolization have been identified [40] [41] [42] . However, the prediction of drug release and distribution from pulmonary administered nanoparticulatedelivery systems remains a major challenge. exhibit 16 bifurcations, comprising the trachea, the bronchi, and the bronchioles. The terminal bronchioles represent the passage to the respiratory region, which exhibits another 6 bifurcations. The respiratory region includes the respiratory bronchioles, from which the alveolar ducts with alveolar sacs branch off [46] . The airways also fulfill some other essential functions, such as warming, humidifying, and cleaning of the inhaled air. Warming and humidifying of the inspired air predominantly take place in the nasal cavity and the pharynx. In the deeper airways this process continues, so that the air finally reaching the alveoli has body heat and is completely saturated with water. Also the cleaning of the inspired air partly takes place in the nose; dust, bacteria, and particles are caught by impaction. Further inhaled substances deposit on the mucus layer which coats the walls of the conducting airways. The mucus is secreted by goblet and submucosal gland cells and forms a gel like layer consisting of mucin as the major component [47] . Ciliated cells are another important type of cells which predominate in the bronchial epithelia of the conducting region. Their major function is the propulsion of mucus upwards and out of the lung (bronchotracheal escalator), thus the lung will be cleared of foreign substances [48, 49] . Beneath, in the respiratory bronchioles the epithelium consists of ciliated cells and Clara cells.
In the alveolar space there is no mucus layer, but a complex surfactant lining that covers the alveolar epithelium and reduces the surface tension to prevent collapse of the alveoli during breathing [50] . It contains approximately 90% lipids and 10% proteins [51] . The lipids in the surface lining material consist mainly of phospholipids (∼80-90%) and a minor portion of neutral lipids (∼10-20%). Among the phospholipids, phosphatidylcholines (∼70-80%) and phosphatidylglycerols (∼10%) represent the predominant classes, with minor amounts of phosphatidylinositols, phosphatidylserines, and phosphatidylethanolamines [52] . About half of the protein mass of the alveolar lining layer is composed of the surfactant-associated proteins SP-A and SP-D, which are high molecular weight hydrophilic proteins, and SP-B and SP-C, which are low molecular weight hydrophobic proteins [53] . The surfactant proteins SP-A and SP-D have been identified as playing a fundamental role in innate immunity. A complex interaction between phospholipids and SP-B and SP-C enables the decrease of surface tension in the alveolar region to values of ∼0 mN/m during compression/expansion cycles [54, 55] . Pulmonary surfactant is secreted by type II pneumocytes, which cover only 5% of the total alveolar surface. Beside the production of pulmonary surfactant, alveolar type II cells play a role in alveolar fluid balance, coagulation and fibrinoylsis, host defense and proliferation, and differentiation into type I cells [56] . Type I pneumocytes are very thin (≤200 nm) with a large extension (∼200 μm), covering over ∼95% of the alveolar epithelial surface [57] . They form the primary diffusion barrier between air and blood which is highly permeable for water, gases, and hydrophobic molecules, while it is poorly permeable for large hydrophilic substances (peptides and proteins) or ionic species. Macromolecules pass this barrier by active transport mechanisms [7, 58, 59] . In addition to epithelial cells, the alveoli contain macrophages that engulf particles, potentially digest them, and slowly migrate with their payload out of the respiratory tract, either following along the mucociliary escalator or (to a lesser degree) the lymphatic system. Thus, the pulmonary endocytosis by macrophages represents the main mechanism of removing solid particles in the alveolar region [60, 61] .
Nanoparticles have been praised for their advantageous drug delivery properties to the lung, such as avoidance of mucociliary and macrophage clearance and long residence times until degradation or translocation by epithelial cells takes place [6, [62] [63] [64] [65] [66] [67] [68] [69] [70] .
Pulmonary Drug Delivery

The Lung as a Route of Application for Systemic and
Local Therapy. Although the lung represents effective barrier systems and clearance mechanisms much attention has been raised in the last decades to this organ for drug delivery applications. One reason is its large absorption area. The lung build up a total surface of ∼100 m 2 that is enveloped by an equally large capillary network, from which many agents can be readily absorbed to the bloodstream avoiding a first-passeffect of the liver. Another reason is the known instability and low permeability of proteins and peptides when these biopharmaceuticals are administered through the widely preferred oral route. Consequently, most proteins and peptides on the market are administered intravenously. But the parenteral route of application does generally not meet with patients' convenience and compliance, in particular because the indication for the use of these agents is usually treatment of a chronic disease requiring frequent injections. Thus, the pulmonary route of application offers a noninvasive alternative for systemic therapy [71] [72] [73] [74] [75] [76] [77] . However, systemic macromolecule delivery via the lung has suffered setbacks as for example demonstrated for pulmonary administered insulin (Exubera) that was withdrawn from the market in 2008 for commercial and health-risk reasons [78, 79] .
A large number of small molecular weight drugs are employed for the targeted treatment of respiratory diseases following inhalation. This basic concept of targeted drug therapy has been followed for a long time in the treatment of airway diseases. In particular, the application of β 2 -agonists and corticosteroids by means of inhalation has improved the therapy of bronchial asthma and chronic obstructive pulmonary disease targeting the smooth musculature of the bronchi and immunologically competent intrapulmonary cells [80, 81] . In addition, the endothelial cells or the smooth muscle cells surrounding the pulmonary vessels present a target of inhalative drug therapy. As an example, prostaglandin derivatives have been recently introduced for aerosol therapy of pulmonary arterial hypertension [82, 83] .
Devices for Aerosol Generation.
Over the past decades several devices have been conceived and developed for the administration of drugs to the respiratory tract, namely pressurized metered dose inhalers (pMDIs), dry powder inhalers (DPIs), and nebulizers [84] [85] [86] [87] . pMDIs are handheld devices that use pressurized propellants to atomize the drug solution, suspension, or emulsion. These devices generally require a coordinative inhalation by the patient [88] . DPIs do not only differ in the principle of aerosol particle generation and delivery, but also with regard to design differences such as discrete or reservoir drug containment and the number of doses [89] . While the drugs are released from pMDI by the utilization of propellants, DPIs operate by using the inspiratory flow of the patient for disintegration of the powder and dose entrainment. Thus, reproducibility of the inhaled dose from these devices is extremely dependant on the patient [90] . Several types of nebulizers are available for aerosol generation for pulmonary drug delivery, namely jet nebulizers, ultrasonic nebulizers, and nebulizers that use a vibrating-mesh technology for aerosol generation [91] . Jet nebulizers are driven by compressed air. The liquid is dispersed into small droplets (<5-6 μm) by passing through a narrow nozzle orifice and multiple impactions on a baffle structure. In general, the droplet size distribution of a nebulizer and the output rate are also influenced by the physical properties of the drug solution and the air flow rate from the compressor [92] . Ultrasonic nebulizers use a piezoelectric transducer in order to create droplets from an open liquid reservoir. As the energy is transferred through the liquid container it becomes evident that the properties of the drug formulation have strong effects on the aerosol particle size and the output rate [93] . Vibratingmesh nebulizers use perforated membranes actuated by an annular piezoelement to vibrate in resonant bending mode. The holes in the membrane have a large cross-section size on the liquid supply side and a narrow cross-section size on the side from where the droplets emerge. Depending on the therapeutic application, the hole sizes (2 μm and upwards) can be adjusted, as well as the number of holes [40, 41, 94] .
Polymeric Nanoparticles as Inhalative Drug-Delivery Vehi-
cles. Nanomaterials exploit novel physical, chemical, and biological properties [14] [15] [16] . The general aim of controlled release formulations is the modification of pharmacokinetics and thus, improved pharmacodynamic characteristics at the target site. A successful drug delivery system needs to demonstrate optimal drug loading and release properties, and low toxicity [17, 20, 23, 24, [95] [96] [97] [98] . Nanoparticle formulations for this purpose with a mean size between 50 and 300 nm normally consist of polymeric materials. Polymers with particular physical or chemical characteristics, such as biocompatibility, degradability, or responsiveness to environmental changes have been predominantly used [99] . In addition to biocompatibility and degradability of the applied polymer, sufficient association of the therapeutic agent with the carrier particles and controlled and targeted drug release properties, nanoparticles need to meet further standards, such as protection of the drug against degradation, ability to be transferred into an aerosol, and stability against forces generated during aerosolization. Nanoparticles composed of biodegradable polymers fulfill the stringent requirements placed on these delivery systems [22] [23] [24] .
Due to their well-established biocompatibility and biodegradability, aliphatic polyesters like polylactide (PLA) and poly(lactide-co-glycolide) (PLGA) are the most extensively used materials for biomedical applications [27] . However, linear polyesters have many limitations as nanoparticle matrix materials. Firstly, PLGA nanoparticles degrade over a period of weeks to months, but typically deliver drugs for a much shorter period of time. Slow or nondegrading polymers may lead to an unwanted accumulation in the lung when repeated administrations are needed, and may cause inflammatory processes [20, 95] . One way to overcome this problem is to synthesize polymers with faster degradation rates. Fast-degrading polymers are obtained by grafting of short PLGA chains onto polyvinyl alcohol backbones [100, 101] . The adjustable properties of these branched polyesters make them highly suitable for pulmonary formulations, especially with regard to biodegradation rates and in vitro cytotoxicity [102, 103] . Moreover, these types of biodegradable polyester revealed no signs of inflammatory response in vivo [104] . Their amphiphilic properties allows the generation of nanoparticles without the use of additional surfactant stabilizers [105, 106] . Another type of biodegradable polymer suitable for pulmonary application is based on ether-anhydride terpolymers consisting of poly(ethylene glycol), sebacic acid, and 1,3-bis(carboxyphenoxy)propane. These polymers are known to form aerosolizable particles and to exhibit fast degradation rates (half-life <12 h) [107] [108] [109] .
Secondly, for an effective nanoparticulate-delivery system, sufficient drug-loading and tailored release properties must be ensured. Nanoparticles prepared from hydrophobic polymers, like PLGA, often incur the drawback of poor incorporation of low molecular weight hydrophilic drugs due to the low affinity of the drug compounds to the polymers [110, 111] . The introduction of charged functional groups within the polymer structure, like for example described by Wittmar et al. and Wang et al., promotes electrostatic interactions with oppositely charged drugs, thereby improving the design of nanoparticulate carriers [112, 113] .
The release rate and release mechanism from drugdelivery systems vary according to the carrier vehicle, as well as to the properties of the employed drug and polymer combination. The in vitro release pattern from polymeric nanoparticles used in the field of medicine and pharmacy is of importance for characterization purposes and for quality control reasons. The release of drug compounds from nanoparticulate drug delivery systems is a result of the direct interaction of nanoparticles with their environment and is thought to be dependent upon desorption of the surfacebound, adsorbed drug, diffusion through the nanoparticle matrix, and rate of polymer degradation. Thus, diffusion and biodegradation govern the process of drug release from polymeric nanoparticles [17, 30, 31] .
Several manufacturing techniques are known for the production of drug-loaded polymeric nanoparticles, allowing extensive modulation of their characteristics and control of their behavior at the target site. Conventionally, two groups of preparation methods can be distinguished. The first involves polymerization of monomers whereas the second is based on precipitation of preformed, well-defined natural or synthetic polymers, as for example used in salting out, Journal of Nanomaterials 5 emulsion evaporation, emulsification diffusion, and solvent displacement. The choice of the nanoparticle preparation technique essentially depends on the physicochemical properties of the polymeric nanoparticle matrix material intended to be used and on the active compound to be encapsulated in the nanoparticles. One way to encapsulate the drug into the nanoparticles is accomplished by the preparation of nanoparticles in the presence of the therapeutic agent, what leads to a "homogeneous" distribution of drug within the polymer matrix. Another way to associate drug and polymer is achieved by subsequent sorption of the drug to unloaded nanoparticles either to the surface or the bulk of nanoparticles. The type of binding may also result in different release mechanisms and release rates [16, 17, 25, 26, 28, 29, 31] .
Overall, the final choice of the appropriate polymer, manufacturing technique, and nanoparticle characteristics will primarily depend on the biocompatibility and degradability of the polymer, secondarily on the physicochemical characteristics of the drug, and thirdly on the therapeutic goal to be reached [31] .
Owing to the advantageous drug delivery properties of polymeric nanoparticles, researchers were encouraged to find suitable application forms for pulmonary delivery. Their small size limits pulmonary deposition as nanoparticles alone are expected to be exhaled after inhalation [114] . In general, aerosol particle size is characterized by the mass median aerodynamic diameter (MMAD). The MMAD is used to describe the particle size distribution of any aerosol statistically based on the weight and size of the particles. Thus, a group of very dense particles will exhibit a larger MMAD than that of a group of less dense particles, despite an identical geometric size. It is well understood that pulmonary deposition is achieved by three principal mechanisms: inertial impaction, sedimentation, and diffusion. Impaction predominates during the passage through the oropharynx and large conducting airways if the particles possess a MMAD of >5 μm, or have a high velocity. Gravitational force leads to sedimentation of smaller particles (MMAD of <3 μm) in the smaller airways. Additionally, sedimentation increases by breath holding. In the range below a MMAD of 1 μm, particles are deposited by diffusion, which is based on Brownian motion. Thus, extent and efficiency of drug deposition is influenced by particlespecific and physiological factors, such as particle size and geometry, lung morphology, and breathing pattern [43, 115] . Common methods to deposit drug-loaded nanoparticles in the deeper lung are the nebulization of nanosuspensions and the aerosolization of nanoparticle-containing microparticles (composite microparticles) [21, 64, 66] .
A number of nanoparticle formulations were found to be accessible for nebulization with common nebulizers [42, 105, 106, 116, 117] . One major advantage of this method is that regardless of the aerodynamic properties of the nanoparticles themselves, alveolar deposition can be easily achieved by generating adequate droplet sizes. Over the past decades, the generation of therapeutic aerosols has primarily been reserved to pneumatic-and ultrasound-driven nebulizers. Recent technological advances have led to improved nebulizer designs employing vibrating-mesh technology for aerosol generation [40, 41] . Vibrating mesh nebulizers have been shown to overcome the main drawbacks of pneumaticand ultrasound-driven nebulizers, that is, concentration of medicaments, temperature changes, and high residual volumes inside the nebulizer reservoir. The aggregation of nanoparticles during aerosolization is dependent on both the nanoparticle surface characteristics and the technique for aerosol generation. The aggregation tendency was reduced for nanoparticles exhibiting a more hydrophilic surface [42] . Coating of nanoparticle surfaces with hydrophilic polymers was also shown to improve the nebulization stability of biodegradable nanoparticles [105, 106] . Furthermore, the use of vibrating mesh nebulizers is suitable for the delivery of "delicate" structures, like biodegradable nanoparticles due to avoidance of high shear stress during aerosolization [118] .
As an alternative to nebulization of a nanosuspension, polymeric nanoparticles can be delivered to the lung by means of dry powder aerosolization. For this reason, nanoparticles need to be encapsulated into composite microparticles using standard techniques like spray drying or agglomeration [119, 120] . The composite microparticles must display defined aerodynamic properties (MMAD) to obtain peripheral lung deposition of inhaled particles [114] . The delivery of nanoparticles as part of microparticles has been intensively investigated for several reasons. A common obstacle that limits the use of biodegradable polymeric nanoparticles is their chemical and physical instability in aqueous suspension [121, 122] . Nanoparticles tend to aggregate when stored over an extended period of time. Furthermore, hydrolytic degradation of the polymeric nanoparticle matrix material and drug leakage from nanoparticles into the aqueous medium take place. Thus, for stabilization of biodegradable polymeric nanoparticles a subsequent drying step needs to be carried out to remove water from these systems. The most commonly used methods to convert a colloidal suspension into solid powders of sufficient stability are freeze-and spray drying [123, 124] . Spray drying offers the advantage over freeze-drying that nanoparticles are transformed to respirable microparticle-containing powders in a one-step process. Freeze-drying would cause additional disintegration to form microparticles suitable for pulmonary application. The addition of stabilizers like sugars or polymers has shown to prevent unwanted nanoparticle aggregation during drying and storage [125] . Spontaneous redispersion of nanoparticles is a key desideratum in the development of successful composite drug delivery systems to the lung. Composite microparticles should release their therapeutic payload (drug-loaded nanoparticles) when they get into contact with aqueous media, and the unaffected nanoparticles can carry out their therapeutic benefit at the target site. Typical examples for preparation of composite microparticles by spray drying can be found in the literature. Drug-loaded PLGA nanoparticles and trehalose as microparticle matrix material were used to prepare composite microparticles suitable for inhalation [126] . The use of "porous nanoparticle-aggregate particles" (PNAPs) as dry powder delivery vehicles to the lung was investigated by Sung et al.. Drug-loaded PLGA nanoparticles were prepared using a solvent evaporation method and subsequently converted to PNAPs using a spray drying technique [127] . Effervescent powder formulations containing nanoparticles were recently introduced for pulmonary drug delivery. These formulations were composed of poly(butyl cyanoacrylate) nanoparticles and as effervescent components sodium carbonate and citric acid stabilized with ammonia were employed. The active release mechanism (effervescent reaction) of the composite microparticles was observed when the carrier particles were exposed to humidity and unaffected nanoparticles were released [128] .
Another interesting method to obtain nanoparticle containing microparticles is enabled by controlled agglomeration of oppositely charged nanoparticle populations. Positively-and negatively charged biodegradable nanoparticles are brought into contact under vigorous stirring, and spontaneous composite microparticle formation takes place. Nanoparticle aggregation is driven by electrostatic attraction/forces in this case [129, 130] .
Methods to Evaluate the Controlled Release Properties of Inhaled Nanoparticles
A basic concern in the field of nanomedicine is the development of successful nanoparticulate controlled release formulations with the aim to improve the characteristics of the therapeutic agent at the target site. Biological environments are known to strongly influence the release properties of nano-sized drug delivery vehicles. An insistent problem in the development of nanoparticulate drug delivery systems is the lack of systems to follow the drug release after contact with an external medium. As a consequence, conventional in vitro drug release studies may have very little in common with the delivery and release situation in vivo and the development of more sophisticated controlled drug release carriers to the lung is precluded [31] . Different preclinical models are used to account for the drug release mechanisms, as well as the rate and extent of drug absorption after pulmonary administration [6, 32, 34] . The complexity of the employed models increases from in vitro cell culture methods and in silico models, which are primarily used as screening tools, to in vivo pharmacokinetic analysis that provide fundamental information about the fate of the released drug by monitoring drug levels in plasma, lung fluid, and tissue. Several cell culture models of the respiratory tract are described using both continuous and primary cells to explore drug transport mechanisms under precise experimental conditions [45, 57, [131] [132] [133] . Continuous cell cultures using alveolar or bronchial epithelial cells like A549 and Calu-3 are often employed as simple in vitro models for pulmonary drug delivery studies. In contrast to continuous cell cultures primary cultures consisting of alveolar epithelial cells present cell morphologies and biochemical characteristics closer to the in vivo situation. However, time-consuming isolation and cultivating, as well as limited cell lifetimes are the main drawbacks of primary cell culture models. The estimation of drug absorption from the respiratory tract based on physicochemical properties and permeability of drugs using computational and experimental models led to the extension of the biopharmaceutical classification system (BCS) [134] . The pulmonary BCS (pBCS) takes into consideration the specific biology of the respiratory tract, particle deposition, and the subsequent process of drug absorption and depicts an alternative to the currently and widely used studies in animals. Drug structure-permeability relationships may contribute to reliable prediction of pulmonary pharmacokinetics used for the development of novel inhalable drugs [135] . Ex vivo isolated, perfused, and ventilated lung models allow the investigation of lung-specific pharmacokinetic effects on the fate of inhaled therapeutics [32] [33] [34] . These preparations maintain structural integrity of the lung tissue and allow careful control of the experimental regimen of the isolated lung. Drugs can be administered directly to the respiratory tract in a quantitative and reproducible manner, and simple sampling and analysis of perfusate provide the absorptive profile. The fundamental information about the fate of the inhaled therapeutics gained from in vivo pharmacokinetic analysis are accompanied by reduced screening capacity, increased expense, ethical considerations, and the potential for nonlinear dose-response relationships between the in vitro and in vivo situation as described for inhaled toxic substances [136, 137] . Overall, the application and comparison of different models to elucidate the drug behavior at the target site is needed to establish reliable in vitro-in vivo correlations [32, 34] .
Basic Techniques of Isolated, Perfused, and Ventilated Lung
Preparations. Isolated, perfused and ventilated lung (IPL) preparations have long been used by investigators interested in the respiratory, as well as nonrespiratory functions of this complex organ [138] [139] [140] [141] . Recently, this technique has also been adopted to assess pulmonary pharmacokinetics of inhaled therapeutics [6, [32] [33] [34] . Areas in which IPL models have not been extensively used include the evaluation of controlled release properties of pulmonary drug delivery formulations like polymeric nanoparticles. With suitable modifications, application of IPL preparations for these investigations has become technically feasible. A schematic of an IPL using a rabbit lung is depicted in Figure 2 . The basic techniques of IPL for pharmacokinetic measurements include the lung isolation, perfusion, and ventilation, the delivery of the formulation to the air-space by an appropriate method, and an adequate sample analytic. Differences between simple in vitro tests and intact lung models are to be expected on the basis of direct interaction of nanoparticles with their environment. Accordingly, more reliable drug release and distribution data are obtained that adequately reflect the dynamic effects occurring in vivo and thus enhance our knowledge on the fate of nanoparticulate drug delivery formulations at the target site [31] .
The choice of an appropriate organ donor animal in IPL studies is influenced by several factors [139] . Size and airway geometry of the lung govern the selection of a particular species. Relevant anatomical and physiological characteristics, as well as respiratory parameters of appropriate organ donor animals for IPL preparations can be found in the literature [33, 34] . The most popular species have been the rat, the guinea pig, and the rabbit as donors for IPL experiments intended to assess the pulmonary pharmacokinetics of inhaled therapeutics (Table 1) . Small animals have several disadvantages like tiny blood vessels that pose difficulties in surgical procedures and a lung geometry that impedes high lung deposition of therapeutic aerosols. An additional factor to be considered might be the volume and the number of perfusate samples needed for analytical tests during the course of the experiment. These difficulties are clearly overcome by using larger experimental animals having, however, the distinct disadvantage of increased animal and experimental costs.
The IPL approach has several advantages but also numerous limitations [33, [138] [139] [140] [141] . IPL preparations offer several advantages to experimentation with animals. Perfusion experiments allow a definitive evaluation of lung-specific effects on the fate of inhaled drug substances. Experimental parameters remain controllable in IPL preparations, while in the intact animal these are likely to change with time especially in response to the administration of a drug formulation. The delivery methods for pulmonary drug administration to experimental animals are highly limited and often associated with low dosing efficiency (<10%) [164] [165] [166] [167] . In contrast, the aerosol delivery to IPL models can be easily controlled by adjustment of the ventilation regimen [142, 165] . The release of drugs from its formulation can be monitored by sequential analysis of the (synthetic) perfusate medium. Unlike in the intact animal, it is possible to take frequent samples from the perfusate. This allows a complete qualitative and quantitative analysis of drug release from the test formulation. The determination of accurate and complete mass-balance of drugs is possible throughout the perfusion experiment.
Unlike in vitro cell culture, pharmacokinetic studies in ex vivo models display the advantage of structural and functional integrity of the organ, for example, cell-to-cell contacts, native extracellular matrix, and pulmonary surfactant lining layer. Lung-specific factors that remain functional in perfusion studies govern drug absorption and distribution profiles and influence the final results in the intact perfused organ, and, therefore, enable a realistic extrapolation of the results to the in vivo situation [34] .
The principal limitation imposed by IPL preparations is the comparatively short duration of study time. Long-term studies (>6 h) cannot be performed since physiological and biochemical integrity of the lung preparation deteriorates with time [139, 141, 168, 169] . Often, it is not possible to determine the effect of therapeutic agents on the lung tissue in such a short period of time. Furthermore, only in vitro cell culture allows detailed analysis of cellular transport processes [45, 57, [131] [132] [133] .
Finally, a practical consideration is the level of expertise in all aspects of the surgical procedures, as well as in all other technical aspects required in setting up and conducting of successful perfusion experiments.
Surgical Procedure for IPL Preparation:
Isolation, Perfusion, and Ventilation. The preparation of the IPL using a rabbit as organ donor animal is described briefly hereafter and interested readers are referred to excellent reviews on this topic [139] [140] [141] . In the following, the method of Seeger et al. is briefly described [141] . For lung isolation animals need to be deeply anesthetized and anticoagulated. Then a median incision is made to expose the trachea by blunt dissection, and a cannula is inserted into the trachea. Subsequently, the animals are ventilated with room air, using a respirator. After mid-sternal thoracotomy, the ribs are spread, the right ventricle is incised, and a fluid-filled perfusion catheter is immediately placed into the pulmonary artery. Immediately after insertion of the catheter, perfusion with cold buffer fluid is started, and the heart is then cut open at the apex. Next, the trachea, lungs, and heart are excised en bloc from the thoracic cage. A second perfusion catheter with a bent cannula is introduced via the left ventricle into the left atrium and is fixed in this position. After rinsing the lungs with buffer fluid for washout of blood, the perfusion circuit is closed for recirculation. Meanwhile, the flow is slowly increased, and left atrial pressure is set to 1.5 mmHg. In parallel with the onset of artificial perfusion, ventilation is changed (5% CO 2 , 16% O 2 , and 79% N 2 ) to maintain the pH of the recirculating buffer at 7.4. Tidal volume is 10 ml/kg body weight with a frequency of 30 strokes/min. The IPL is placed in a temperature-equilibrated housing chamber (37 • C), freely suspended from a force transducer for continuous monitoring of organ weight [170] . Pressures in the pulmonary artery, the left atrium, and the trachea are registered by means of small-diameter tubing threaded into the perfusion catheters and the trachea and connected to pressure transducers. Only lungs that have a homogeneous white appearance with no signs of hemostasis, edema, or atelectasis, a constant mean pulmonary artery and peak ventilation pressure in the normal range (4-10 and 5-8 mmHg, resp.), and are isogravimetric during an initial A number of visual and physiological parameters can be determined to ascertain the viability of the IPL preparation [139, 171] . Under optimized preparation and perfusion conditions, greater than 85% of all excised lungs fulfill these criteria, and lungs may be perfused for ∼6 h without changes in physiological aspects [141, 168, 169] .
For analysis of pulmonary pharmacokinetics of inhaled therapeutics, such as pulmonary absorption and distribution characteristics, formulations need to be delivered to the IPL by the intratracheal route. Intratracheal delivery can be carried out by dry powder insufflation or inhalation or by means of fluid instillation or nebulization [32] [33] [34] . For nebulization purpose, a nebulizer unit is connected to the inspiratory tubing between the ventilator and the lung to pass the produced aerosol through by the inspiration gas [106, 159] . In order to determine the absorption of drug from the lung into the perfusate, samples are taken from the venous part of the system (Figure 2) . Additionally, the analysis of the drug distribution characteristics to the different compartments of the lung is performed by lavage for the amount of drug remaining in the lung-lining fluid and by extraction or microscopic techniques for the amount of drug remaining in the lung tissue at the end of the experiment.
Application of Drug Formulations to the IPL.
The choice of an appropriate IPL preparation set-up for the analysis of the fate of inhaled therapeutics at the target site is influenced by several factors. The particular problem determines the selection of experimental parameters like ventilation method, perfusion characteristic, and perfusate type [139, 140] . The ventilation of the IPL can be realized by two modes, namely, "positive" pressure and "negative" (subatmospheric) pressure ventilation. During "positive" pressure ventilation a connection of a respirator directly to the lung, which pushes bolus volumes of air into the lung, is required. Subatmospheric pressure ventilation is accomplished by using a reverse connected respirator to cycle subatmospheric pressures inside the chamber in which the lung is suspended. While "negative" pressure ventilation is generally preferred for drug absorption and distribution studies (Table 1) , as it prevents water loss, tissue drying, and improves organ viability (i.e., reduced risk of architecture destruction by overinflation with subsequent edema formation and progressive atelectasis), "positive" pressure ventilation enables a highly efficient and homogeneous deposition of therapeutic aerosols to the isolated lung as described above [33, 106, 140, 159] . Beside the morphology of the respiratory tract, ventilation pattern is generally recognized to have a high impact for the successful aerosol delivery to isolated lungs. To avoid low dosing efficiency and nonreproducible aerosol deposition pattern in the lung, a synchronization of aerosol application and inspiration needs to be adjusted (tidal volume ↑, ventilation frequency ↓) [142, 165] .
The applied perfusion technique is dependent on the experimental design [32, 33, 140] . The perfusion may be performed in a single-pass or recirculating manner. Singlepass perfusion systems have the advantage of being less sophisticated; however, depending on the flow rate and the duration of the experiment, they come along with higher consumption of perfusate. Moreover, a sensitive sample analytics is required [155] . In pharmacokinetic experiments of inhaled therapeutics, the use of artificial perfusion medium, for example Krebs-Henseleit buffer fluid, with addition of hydroxyethylamylopectin or dextran as oncotic agent is only appropriate for hydrophilic drug substances. Hydrophobic drug analysis is relieved in the presence of albumin owing to binding of hydrophobic compounds. For example, Liu et al. investigated the effect of different perfusion buffers on the pharmacokinetics of several drugs with distinct physicochemical properties that were administered to the circulation of an isolated rat lung model [172] . The total recovery of the lipophilic drug propranolol was found to be significantly decreased when dextran was used as oncotic agent instead of albumin. Moreover, the measurement of pulmonary disposition of the potent glucocorticoid budesonide after administration to the air-space or the pulmonary circulation of the isolated rat lung was only feasible in the presence of 4.5% albumin in the perfusion medium [153] . These studies emphasize the use of albumin as oncotic agent in perfusion buffers when the pulmonary disposition of hydrophobic drugs is under investigation. In addition, depending on the experimental design, heparinized animal plasma may be added to the buffer fluid (10-15%). Use of heparinized animal blood as perfusion fluid most closely resembles the in vivo state. However, analysis of drugs and interpretation of results are rendered much more difficult by the presence of such a "complex" perfusion medium, thereby negating some of the advantages of the isolated lung technique [140, 141] .
The use of IPL preparations to study the lung disposition of several inhaled therapeutics was pioneered by Byron et al. and Ryrfeldt et al. in the mid 1980's (Table 1) [32, 33] . The pulmonary absorption and distribution of low molecular and high molecular weight drugs was addressed in several studies [143] [144] [145] [146] [147] [148] [149] [150] [151] [152] . Ryrfeldt et al. investigated the pulmonary disposition of the glucocorticoid budesonide in an isolated rat lung after instillation [153] . The drug absorption from the air-space into the perfusate was characterized by two distinct phases: after a rapid initial absorption phase about half of the instilled dose was slowly transferred into the perfusate. This study points out the high lung affinity of budesonide, no biotransformation of this compound was found in the lung. The high affinity to the lung together with an absence of lung metabolism was shown to be an important factor to explain the clinical benefits seen with budesonide [80, 81] . Kröll et al. used the isolated guinea pig lung model for the measurement of the pulmonary fate of two antiasthmatic drugs (xanthines) [158] . After intratracheal instillation of theophylline, the peak concentration in the lung perfusate appeared within a short period of time, and after 10 and 60 minutes, ∼68 and ∼87% of the given dose had been absorbed, respectively. The rapid disappearance of locally administered theophylline may explain the lack of success of inhalation therapy with this therapeutic agent.
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The pulmonary disposition of the antibiotic levofloxacin was evaluated after systemic application and inhalation in a model of the isolated rat lung. Different experimental conditions including higher or lower respiratory frequency with lower or higher tidal volume were tested. Comparison of systemic and pulmonary administration revealed statistically significant differences between partition coefficients showing much higher values for the latter route. Thus, inhalation compared to systemic administration improves levofloxacin access to the lung tissue [154] .
Only limited information is available regarding the administration, deposition, and absorption of dry powder aerosols to IPL preparations. For this purpose, Ewing et al. and Byron et al. established an isolated rat lung model and reported the absorption profiles of a variety of test compounds [143, 155] . Using the recently developed DustGun aerosol technology, Ewing et al. exposed the IPL model to respirable dry powder aerosols of three drugs at high concentrations [155] . Other interesting techniques for reproducible aerosol application to IPL preparations include the miniaturized nebulization catheter (AeroProbe) and the "forced solution instillation" technique [142, 165] .
Lahnstein et al. investigated the pulmonary absorption and distribution of fluorescent dyes in an isolated rabbit lung model [159] . Three structurally diverse probes were administrated intrapulmonary by nebulization of dye solutions. The authors found that the absorption of the model compounds from the air-space into the perfusate was mainly affected by the physicochemical properties (octanol/water partition coefficient) of the employed dyes. While for the hydrophobic dye only a marginal appearance in the perfusate was observed due to accumulation in the lung tissue, a rapid increase in perfusate concentration (with stable plateau concentration) was obtained for both hydrophilic dyes.
Rapid absorption and capacity-limited metabolism of isoproterenol and prodrugs thereof were observed following intrabronchial and aerosol administration of drug to the isolated rabbit lung [162, 163] .
The IPL preparation is a valuable model for the analysis of pharmacokinetic profiles of pulmonary administered drugs. Upgrading of the ex vivo models to pharmacodynamic investigations has recently become technically feasible. As an example, the pharmacokinetics and vasodilatory effect of nebulized iloprost were investigated in a model of experimental pulmonary hypertension employing the isolated rabbit lung [160] . The nebulization of different amounts of iloprost caused a dose-dependent pulmonary vasodilatation. In addition, a similar dose-dependent appearance of iloprost in the recirculating perfusate was noted.
The effect of polymeric nanoparticles on the microvascular permeability and translocation across the alveolar barrier was tested in isolated rabbit lungs after nanoparticle instillation [173, 174] . The increase in pulmonary microvascular permeability was related to the number of administered nanoparticles. Moreover, positively charged nanoparticles were more effective in the microvascular permeability response than negatively charged nanoparticles. The authors concluded that the surface properties and the total surface area need to be considered to interpret the changes of the microvascular permeability upon nanoparticle challenge. The applied polymeric nanoparticles were mainly located in the alveolar space and in macrophages after instillation, and no translocation of nanoparticles from the alveoli into the perfusion medium was observed. However, the relevance of these findings for the in vivo translocation of inhaled ultrafine particles remains to be established, owing to the fact that polymeric nanoparticles are currently under investigation as potential drug delivery systems to the lung [95] .
Beck-Broichsitter et al. compared the pulmonary disposition characteristics of the hydrophilic model drug 5(6)-carboxyfluorescein after aerosolization as solution or entrapped into polymeric nanoparticles in an isolated rabbit lung model [106] . Nanoparticles were of spherical shape with a mean particle size of ∼200 nm. Nebulization of the nanosuspension using a vibrating mesh nebulizer led to negligible changes of nanoparticle properties. The drug release in vitro was fast. Nevertheless, after deposition of equal amounts of 5(6)-carboxyfluorescein in the isolated rabbit lung model, less 5(6)-carboxyfluorescein was detected in the perfusate for loaded nanoparticles (∼10 ng/ml) when compared to 5(6)-carboxyfluorescein aerosolized from solution (∼18 ng/ml).
Although IPL studies are conducted with an intact organ close to the physiological state, it is to a large extent unresolved if pharmacokinetic data obtained from IPL preparations are consistent with that measured in vivo [32, 33] . Recently, a linear relationship between the drug absorption kinetics of diverse low molecular weight drugs (<700 g/mol) in a vertically positioned IPL system and from the lung in vivo was demonstrated [156, 175] . Moreover, drugs for which air-to-perfusate absorption kinetics were evaluated ex vivo and in vivo were also tested in epithelial cell culture models (Caco-2 and 16HBE14o) regarding their transport characteristics. Permeability in intestinal and airway cell culture models were found to be in excellent agreement with the physicochemical properties of the investigated drugs, as well as the rate of absorption measured in the IPL [156, 157, 176] . The absence of a bronchial circulation in horizontally positioned IPL preparations and therefore a lack of tracheobronchial absorption pathways have been attributed as the likely cause of a substantial difference in the absorption kinetics of low molecular weight drugs between the IPL preparation and in vivo. The absorption of low molecular weight drugs in vivo takes place from alveolar, as well as tracheobronchial regions at effective and comparable rates. As a result, the IPL preparation underestimates the absorption of low molecular weight drugs compared to the in vivo situation. However, macromolecules show poor to insignificant absorption across the thicker tracheobronchial membranes and thus, the absorption profiles of macromolecules derived from IPL preparations have been reported as statistically indistinguishable from those obtained in vivo [32, 149] . Clearly, studies regarding the difference between the vertically and horizontally positioned IPL systems on drug absorption need to be carried out.
In recent studies, the development and performance of a novel nanoparticle-based formulation for pulmonary delivery of salbutamol has been characterized systematically through all steps beginning from the particle preparation process, over the in vitro testing of drug release, drug transport in cell culture, pulmonary absorption, and distribution characteristics in an isolated rabbit lung model, to in vivo bronchoprotection studies in anaesthetized guinea pigs. Sustained salbutamol release from the drug-loaded nanoparticles was observed for 2.5 h in vitro. Drug transport experiments conducted with primary cultured human alveolar epithelial cells revealed a delayed transport of salbutamol across the cell monolayer for nanoparticle formulations. In parallel, a sustained salbutamol release profile was observed after aerosol delivery of nanoparticles to the IPL as reflected by a distinct absorption profile and lower salbutamol recovery in the perfusate (∼40%) when compared to salbutamol solution (∼63%). Moreover, a prolonged pharmacological effect was observed for 120 min in vivo when salbutamolloaded nanoparticles were administered to guinea pigs [161, 177] . Overall, these results demonstrate good agreement between in vitro, ex vivo, and in vivo tests, serve as examples for the potential of the IPL to be used to predict drug absorption from the intact animal and, therefore, present a solid basis for future advancement in nanomedicine strategies for pulmonary drug delivery.
Conclusion and Perspective
Implementation of nanotechnology offers new concepts for development of optimized therapeutic and diagnostic tools in medicine. Biodegradable polymeric nanoparticles hold great promise to improve controlled and targeted drug delivery to the desired site of action. Various nanoparticlecontaining formulations for drug delivery to the lung are currently under investigation. Existing analytical protocols allow the accurate analysis of the physicochemical properties of these drug delivery systems, but a lack of methods that elucidate the controlled release properties of polymeric nanoparticles constrict the development of improved drugdelivery vehicles. Isolated, perfused, and ventilated lung models are promising tools to evaluate the controlled release characteristics of nanoparticles intended for pulmonary application. Ex vivo models allow the determination of the fate of nanoparticulate drug delivery formulations at the target site. As a consequence, more reliable drug release and distribution data are obtained that adequately reflect the dynamic effects occurring in vivo. The first promising results that were made by the analysis of the release properties of drug-loaded polymeric nanoparticles by the ex vivo technique emphasize this strategy and will hopefully promote progress in nanomedicine.
